Background/Aims: Climate influences the regulation of blood pressure (BP). Our objective was to precisely estimate BP seasonality in hemodialysis (HD) patients from five European cities with marked climate differences. Methods: Stable prevalent HD patients from 5 European facilities (Santa Cruz de Tenerife (Spain), Seville (Spain), Montpellier (France), Ottignies (Belgium), Umea (Sweden)) present over the years 1995-1999 were included in this historical longitudinal observational study. Individual monthly averages of pre-dialysis BP level were computed from all facility BP measurements (>90 000 observations). The association between BP level and location, seasons and meteorological measurements was analyzed by mixed models. Results: 261 patients were included and followed-up for a median duration of 2 years (6903 monthly observations). Pre-dialysis SBP and DBP were minimal in summer (July) and maximal in winter (November and December), and mean changes were respectively 4.2 [3.0;5.4] and 2.0 [1.3;2.7] mmHg. Seasonality was confirmed in 4 locations (P season ≤0.001 for SBP and DBP), but not in Umea (both P season >0.05). Seasonal changes in DBP were larger in southern locations (P interaction =0.02). BP level was associated with climate parameters: in a positive manner with humidity or rainfall, and inversely with sunshine duration or temperature. The effects of temperature and rainfall on DBP varied with latitude (P interaction <0.02) and were greater in southern locations. Conclusion: BP varies with seasons and climate in different European areas and seasonality can be more important in southern locations. These changes in BP deserve attention as they may be responsible for a significant increase in cardiovascular risk which may be preventable.
Introduction
Cardiovascular diseases are the leading cause of mortality in the world [1] . Hypertension is a major cardiovascular risk factor, of which control and prevention remain a challenge for modern medicine [2] . Hypertension is often present in 90% of patients at the moment of transition to dialysis [3] . In chronic kidney disease and end-stage renal disease patients, the control of blood pressure (BP) level is one of the primary therapeutic goals. Despite close BP monitoring and BP-lowering strategies (correction of volume overload, use of BP-lowering medications), elevated BP remains frequent in patients treated with chronic hemodialysis (HD). The determinants of BP level should be studied in the goal of controlling their influences and preventing BP elevation.
In the general population, BP follows cyclic patterns, notably of an annual period which can be described as seasonal cycles [4] . This is also true in HD patients, whose BP has been shown to be higher in winter and lowest in summer [5] . Seasonal changes in BP are likely to induce adverse outcome. Exposure to high BP induces organ damage such as brain damage, heart failure and renal failure [3] . High BP induces mechanical stress on arteries leading to irreversible structural changes including arterial thickening and stiffening, atherosclerosis and vascular calcification. More recently, visit-to-visit BP variability has been described as a cardiovascular risk factor [4] , which suggests that transient elevations in BP are likely to trigger the same or other pathways inducing vascular damage. Altogether, this suggests that BP should be maintained at a lower, stable level.
BP seasonality has been reported to have different magnitudes across populations. It varies notably with climate and more specifically with temperature, humidity, rainfall and daylight span [5] [6] [7] . Recently, we observed for the first time a link between geographical location, BP level and BP seasonality in HD patients [8] which is in agreement with results from the general population [9, 10] . Subjects living closer to the poles generally had higher BP and limited BP seasonal variations. In the EURODOPPS study, we analyzed a large population of representative samples from 7 European countries, but longitudinal data collection was performed only every four months, preventing to precisely estimate the magnitude of seasonal changes [8] . The objectives of the present study were to evaluate and quantify the seasonal change in BP in HD patients from 5 European cities located at different latitudes with greater precision. In this goal, we collected and analyzed all BP measurements recorded before dialysis sessions (three times per week) in 261 HD patients followed up to 5 years.
Materials and Methods

Patients
This is a retrospective cohort study using longitudinally recorded data produced within the usual practice. Adult patients on chronic hemodialysis present in one of the five selected European facilities in the years 1995-1999 were considered for inclusion. Patients from Seville (latitude of 37.4°N, Spain), Montpellier (43.6°N, France), Ottignies (50.7°N, Belgium) and Umea (63.8°N, Sweden) participated in the study up to five years (1995) (1996) (1997) (1998) (1999) . In Santa Cruz de Tenerife (28.5°N, Spain), patients were seen up to three years (1997) (1998) (1999) . A map is available in Fig. 1 . Additional inclusion criteria were a history of 6 months of hemodialysis and a follow-up of 6 months or more. Patients gave oral informed consent to participate in the study.
Data collection
Age, gender, diabetes, cause of renal failure and dialysis vintage were obtained at study entry. Predialysis BP, pre-and post-dialysis body weight (BW pre , BW post ) were recorded at each HD session. Blood pressure was measured in the supine position according to local clinical practices. Intra-dialytic weight loss (IDWL) was defined as the difference between pre-and post-dialysis weights expressed as a percentage of post-dialysis weight (IDWL = 100 x [BW pre -BW post ] / BW post ). Monthly means of BP were calculated for each patient with 6 or more measurements during the given month. Clinical data were anonymized and centralized.
Climate records from the closest meteorological stations and the moment of the study was obtained from the European Climate Assessment & Dataset and local meteorological offices [11] [12] [13] . The data were summarized as monthly means of average temperature and average humidity and monthly cumulative rainfall height and sunshine duration. Monthly cumulative rainfall height was transformed by the square root to achieve normality. Clinical and meteorological data were merged by location and date.
Exposure
Patients were considered exposed to temporal, geographical, seasonal and climatic effects. For each patient, the first year of observation was set to 1 and observation dates were then defined as the month and the order of the year. Geographical exposure was defined as the city and the latitude of the city. Seasonal exposure was successively defined by seasons (spring: March, April, May; summer; June, July, August; autumn: September, October, November; winter: December, January, February) or months of the year. Climate exposure was defined by climate data from the actual month and year of observation. Patients were considered climate-sensitive if they had minimal BP in summer and maximal BP in winter or autumn.
Statistical analysis
We modeled the level of pre-dialytic BP using linear mixed models with random intercepts defined for patients as subjects grouped within facilities, which allowed heterogeneity in covariance matrices across cities. The first model analyzed temporal trends alone and by city. Then, we assessed the independent effects of geographical location (facility or latitude), season (4-level categorical variable) and their interaction (location x season), adjusting for above-mentioned temporal trends. We similarly analyzed the effect of month (12-level categorical variable). The effects of geographical location (facility or facility latitude), climate exposure and their interaction (location x climate) adjusting for temporal trends were also analyzed. Subgroup analyses were undertaken to confirm results in specific populations based on location, median age, gender, diabetes, median dialysis vintage, history of hypertension and BP level. The interaction between subgroups and seasonality was tested in a model with seasons as the exposure (subgroup x season). The size of the seasonal effect in subgroups was estimated from a model with months as the exposure (subgroup x month).
Statistical analyses were performed using SAS v9.4 (SAS Institute, Cary, NC, USA). All tests were bivariate and P-values ≤ 5% were considered significant.
Results
Data from over 90 000 dialysis sessions from 5 HD facilities strategically distributed across Europe were obtained (Fig. 1) . A total of 261 patients and 6 903 monthly observations (mean: 26.4 observations/patient) met inclusion criteria and were further analyzed ( Fig.  1 ). Patients were followed-up for a maximum of five years and a median duration of 2.0 (interquartile range: 1.0 ; 3.2) years. For two facilities, patient characteristics were unavailable due to archive loss or inaccessibility. Overall, glomerulonephrites were the leading cause of renal disease (Table 1) . Gender ratios were similar in the different populations. Patients from Seville were slightly younger (P adj = 0.02 vs Umea) and had been on HD for a longer period (P adj < 0.001 vs the other 2 cities).
Across facilities, there were significant differences in pre-dialysis BP level between facilities at baseline (P = 0.004). SBP was lower in Santa Cruz, compared to Ottignies (P adj = 0.004). A geographical trend was present: on average, SBP was 4.3 mmHg higher for each 10°-increase in latitude (i.e. 1111 km to the North) with a 95% confidence interval (CI) of [2.0 ; 6.6] mmHg/10°N, P < 0.001. There were no clear differences in baseline DBP across cities (all P adj > 0.05), but a similar geographical trend was observed, with higher DBP at the poles (+1.7 [0.3 ; 3.0] mmHg/10°N, P = 0.01). There was a general trend of decreasing BP during follow-up, which was heterogeneous across cities ( Fig. 2) and accounted for in all mixed models. 
Seasonal change in SBP
During follow-up, a clear seasonal change in BP was present, with lower values in summer months and higher values in winter months (Fig. 3) . The peak-to-peak amplitude of SBP varied between 3.8 and 5.7 mmHg over time. On average, the seasonal change of SBP was 4.7 [3.1 ; 6.2] mmHg (P month < 0.001), with a maximal SBP level in December and a minimal level in July. Seasonality was observed in all 5 cities (Fig. 4) and subgroup analysis showed it was statistically significant in 4 locations (P season ≤ 0.001) but not in Umea (P season = 0.07). The peak-to-peak amplitude of change in monthly SBP was 6. and confirmed the presence of an interaction between seasons and facilities (P interaction = 0.03). There was a shift in the seasonal peaks in Montpellier and Ottignies, where maximal SBP was observed in spring, and minimal levels in autumn (Table 2 ). However, there was no clear relationship between latitude and estimates of seasonal change (P interaction = 0.1).
Patients from different facilities were exposed to different climates. Southern places were globally warmer and sunnier, with a more stable climate along the year (Table 1) . Fig. 3 . Evolution of SBP (black dots) and DBP (white dots) over the months during 4 years of follow-up. BP appears to decrease during the first half of the year (light grey) and to increase in the second half (dark gray). Jan: January.
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In all patients, SBP decreased with outdoor temperatures and sunshine duration, while it increased with humidity and rainfall (all P < 0.001, Table 3 ). The association between climatic parameters and SBP level was not modified by latitude (P interaction > 0.1). This means that when exposed to the same increase in temperature, SBP changed of a similar absolute level in any location (i.e. -1.3 mmHg/7°C, Table 3 ).
There were indications of interactions between SBP seasonal change and groups of age, diabetes and blood pressure level. Patients with diabetes had higher SBP (9. There were 115 patients (44%) whose SBP was minimal in summer, which is unlikely to be explained by chance only (P < 0.001). The maximal values were more frequently observed in winter (77 patients, 30%) and autumn (85 patients, 33%), P < 0.001. Out of 12 Table 3 . Association of systolic (SBP) and diastolic (DBP) blood pressure level with seasons or climate obtained from different models. All models are adjusted on latitude, time and time × city. Climate and seasonal effects are reported at a latitude of 45° (average latitude across the 5 cities). Significant interactions mean that the effect of climate or season varies with latitude. To calculate the effect size of climate at a latitude of 55° (10°-increase in latitude), one should add the effect sizes of climate and of the interaction. Non-significant interactions were removed from models possibilities, the combination of a summer minimum with a winter or autumn peak were the most frequent (respectively 46 (18%) and 42 (16%) patients). The mean seasonal change was 11.2 [9.6 ; 12.9] mmHg in these 88 "climate-sensitive" patients.
Seasonal change in DBP
Over time, DBP varied with annual cycles of peak-to-peak amplitudes as high as 4.6 mmHg, as observed during the first year (Fig. 2) . Extreme DBP values occurred in July (minimum) and December (maximum) with an average difference of 2.0 [1.3 ; 2.7] mmHg, which was comparable across locations (Fig. 4) . The seasonal change was maximal from summer to winter (1.8 [1.3 ; 2.3] mmHg, P season < 0.001) and there was a significant interaction with facilities (P interaction = 0.02) or latitude (P interaction = 0.02, Table 3 ). The effect of season was significant in 4 locations (P season < 0.001), not in Umea (P season = 0.15). In Montpellier and Ottignies, the highest and lowest DBP occurred in autumn and spring (see Table 2 ). The level of DBP was lower when sunshine exposure and outdoor temperature increased, while it was lower when humidity and rainfall decreased (all P < 0.001, Table 3 ). There were significant interactions of latitude with outdoor temperature and rainfall, both displayed larger effects in the South (Table 3) .
Discussion
This study shows that BP seasonality can be observed in a mixed group of HD patients from different locations in Europe. The average intra-individual change from summer (July) to winter (November) was 4 mmHg and 2 mmHg for pre-dialysis SBP and DBP respectively. It is now established that BP decreases of a significant amount in summer, although this may not occur in all populations, nor all locations [5, 6, 8, 14, 15] . The magnitude of seasonal cycles was greater in older, normotensive or diabetic HD patients. In the latter and in patients identified as climate-sensitive, the peak-to-peak amplitude of SBP seasonal pattern exceeded 10 mmHg. Such changes in BP are likely to have substantial clinical consequences. Indeed, 
Figure 4 (B&W version)
both elevated and reduced BP are associated with the risk of cardiovascular mortality in HD patients [16] [17] [18] . Elevated BP is responsible for long-term organ damage, notably cardiac dysfunction, which eventually leads to low BP and adverse events [3] .
Climate is expected to be a major cause of seasonal patterns. We observed that increasing outdoor temperatures and longer sunshine duration were consistently associated with lower pre-dialysis BP, while humidity and rainfall were associated with increasing BP. Comfortingly, these results confirm those of our recent study which had similar objectives but different methods [8] . The influence of climate may occur through direct effect such as temperature-induced vasoconstriction and sweating [19] . In addition, indirect effects may occur such as UV-related vitamin D or nitric oxide synthesis, exercise-related perspiration and changes in dietary and water intake [19, 20] . Hydration status, a major determinant of BP level in HD patients, is also affected by external temperature and humidity [6, 7, 14] . Increasing temperature triggers sweating to evacuate body heat, but this is limited in humid environments possibly due to skin saturation in water [21] . This is consistent with the direct association between humidity and BP level that we observed in the present and in earlier studies [7, 8] . While the seasonal pattern was present and similar in the different facilities, it could not be clearly confirmed in Umea. This is likely due to the limited sample size from this location and a corresponding loss of sensitivity. Surprisingly, patients from Umea consistently presented a drop in BP in January, which may have additionally prevented to observe a seasonal effect. This drop could be related to the holiday seasons and the consumption of salty festive food (herring, ham) urging fluid intake and lowering BP in patients with inadequate heart function.
The influence of seasonal effect should be taken into account when forecasting BP changes and prescribing treatments modulating BP level. Adapting antihypertensive medications and dialysis therapies to BP seasonality could help avoid dramatic BP rises in winter or reduction in summer. In older individuals, a 5 mmHg-decrease in SBP is associated with a 15% reduction in cardiovascular mortality [22] , and the successful stabilization of BP over time could reduce the risk by 20% [23] . In normotensive or diabetic patients, the decrease in BP observed in summer could also lead to episodes of symptomatic hypotension and have detrimental consequences [24] . In this context, taking BP seasonality into account in predictions and prescriptions could also have a significant beneficial impact.
This study is based on BP measurements that were repeated at a high frequency. On average, each patient had 26 monthly BP observations (2.2 years), each one being the summary of around 11 BP measurements. This specific design allowed estimating precisely the within-patient change in BP, with regards to the monthly, seasonal and climatic exposure. In the EURODOPPS study, we analyzed a small number of BP measurements in a large population across Europe, which provided different yet consistent results [8] . In the present article, we were able to observe greater changes of BP (up to 6 mmHg of SBP) and we observed interactions between facilities and seasons or climate, which were partly reproduced when analyzing latitude as the geographical exposure. Using this approach, we reported estimates that were at least twice as high as in our previous study [8] . Finally, we confirmed the presence of a geographical trend in BP, which is lower in HD patients living in southern locations [8] . However, due to the limited number of patients and locations, this study was less adapted to the evaluation of geographical trends of either BP level or BP seasonality than the EURODOPPS study.
We observed a time trend of decreasing BP over the study period which could not be explained by changes in climate. This could reflect an improvement in patients profile or in contrast the expression of cardiac impairment. This could also indicate the presence of a selection bias, due to the fact that patients with worse health profiles are more likely to end their participation to the study due to adverse events. In addition, the present study included a limited sample of prevalent patients from each facility and it is consequently unlikely that these samples were representative of the local HD population, in contrast with the EURODOPPS study [8] . However, because we obtained many longitudinal records for each patient, our study is well designed to assess the longitudinal changes in BP and the effect of climate on intra-individual change in blood pressure. The data were collected some time ago and one may think that patients do not reflect current HD patients. However, results were confirmed across groups of patients with different characteristics (age, diabetes). Hence, we believe that the results we present are relevant to current HD populations. Comfortingly, the results from our recent EURODOPPS study are very much in line with the present article.
Conclusion
We showed the presence of a geographical gradient in BP in HD patients and the presence of seasonal changes in different European locations. In addition to the difference in climate itself, the influence of climate also varied with location. These effects should be considered when evaluating and treating BP. BP seasonal changes affect the cardiovascular risk as well as its evaluation, which may be biased by the time of BP measurement, i.e. in summer when BP is generally lower. The use of BP medications should also be adapted to seasons or based on regular BP monitoring, if not the case. A tight monitoring of BP, with regards to seasonality, and seasonally-adapted therapeutic strategies could improve BP control and limit cardiovascular risks.
